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Glioblastoma patients are immunosuppressed, yet glioblastomas are highly infiltrated by monocytes/ macrophages.
Myeloid-derived suppressor cells (MDSC; immunosuppressive myeloid cells including monocytes) have been identified in other cancers and correlate with tumor burden. We hypothesized that glioblastoma exposure causes normal monocytes to assume an MDSC-like phenotype and that MDSC are increased in glioblastoma patients. Healthy donor human CD14 1 monocytes were cultured with human glioblastoma cell lines. Controls were cultured alone or with normal human astrocytes. After 48 hours, glioblastomaconditioned monocytes (GCM) were purified using magnetic beads. GCM cytokine and costimulatory molecular expression, phagocytic ability, and ability to induce apoptosis in activated lymphocytes were assessed. The frequency of MDSC was assessed by flow cytometry in glioma patients' blood and in GCM in vitro. As predicted, GCM have immunosuppressive, MDSC-like features, including reduced CD14 (but not CD11b) expression, increased immunosuppressive interleukin-10, transforming growth factor-b, and B7-H1 expression, decreased phagocytic ability, and increased ability to induce apoptosis in activated lymphocytes. Direct contact between monocytes and glioblastoma cells is necessary for complete induction of these effects. In keeping with our hypothesis, glioblastoma patients have increased circulating MDSC compared with normal donors and MDSC are increased in glioma-conditioned monocytes in vitro. To our knowledge, this has not been reported previously. Although further study is needed to directly characterize their origin and function in glioblastoma patients, these results suggest that MDSC may be an important contributor to systemic immunosuppression and can be modeled in vitro by GCM.
Keywords: B7-H1, immunosuppression, malignant glioma, monocyte, myeloid-derived suppressor cells G liomas, the most common primary central nervous system (CNS) neoplasms, are thought to originate from transformed glial cells such as astrocytes, oliogodendrocytes, and ependymal cells or their precursors. 1 Glioblastomas (grade 4 astrocytomas) are the most common glioma with an annual incidence of 3 per 100 000. 2 Despite aggressive therapy, they recur relentlessly within the brain, and the average survival after diagnosis remains just over 1 year. Effective new therapies are urgently needed.
Immunotherapy is one such promising strategy. Immunotherapies like dendritic cell and immunogene therapy vaccines have produced dramatic results in preclinical glioma studies. 3 -5 However, these have not been translated into effective clinical therapies. 6 -8 Although increased circulating anti-glioma lymphocytes have been documented following vaccination, few objective clinical responses have been reported to date. While there are many potential reasons for this, glioma-mediated immunosuppression may be a critical factor. Glioma patients are systemically immunosuppressed, with decreased T-cell responsiveness 9, 10 and increased circulating immunosuppressive CD4 þ /CD25 þ /FoxP3 þ regulatory T cells (T reg ). 11, 12 Furthermore, gliomas are potently immunosuppressive locally where they express and/or secrete multiple immunosuppressive factors including transforming growth factor-b (TGF-b), PGE 2 , and B7-H1. 13, 14 Human glioblastomas are heavily infiltrated by monocytes/microglia, but have relatively few tumorinfiltrating lymphocytes. 15 -17 The role of glioma-infiltrating monocytes/microglia in glioma immunology is enigmatic. They have reduced antigenpresenting potential and their surface marker profile is compatible with immature antigen-presenting cells, suggesting that they are not part of an effective antiglioma immune response. 12, 18, 19 Furthermore, several lines of evidence suggest that they actively suppress immune responses. For example, they secrete immunosuppressive interleukin-10 (IL-10), secrete Fas-ligand, and induce apoptosis in activated lymphocytes in murine models. 20, 21 We have previously demonstrated that human glioma-infiltrating monocytes are predominantly CD45 bright /CD11b þ . 17 This surface marker pattern is consistent with infiltrating systemic macrophages, as opposed to resident microglia that are CD45 dim /CD11b þ . Taken together, these findings suggest that systemic monocytes/macrophages infiltrating gliomas might assume an immunosuppressive phenotype. Interestingly, glioma-infiltrating monocytes appear to have reduced CD14 expression. 17 This is a relatively unusual phenomenon as CD14 expression on monocytes/microglia is increased in almost all other CNS pathologies. 22 There is a precedent for immunosuppressive monocytic cells with reduced CD14 expression in other cancers. Myeloid-derived suppressor cells (MDSC), a heterogeneous population of CD14 2 myeloid progenitors at earlier stages of differentiation, 23 increase peripherally in patients with head and neck squamous cell carcinoma, nonsmall cell lung cancer, and breast cancer. 24 MDSC (also termed immature myeloid cells) do not express CD15 (a granulocytic marker) and approximately one-third express CD115 (M-CSF receptor; specific for mature monocytes/macrophages). 24 They have multiple passive and active immunosuppressive effects including impaired antigen presentation to T cells, ability to induce apoptosis in activated T cells, and ability to stimulate regulatory T-cell proliferation. 23 -28 They have recently been shown to alter antigen recognition by nitrating CD8 þ T-cell receptors, leading to tolerance. 29 Functionally, MDSC exert their immunosuppressive effects at least partly in response to interferon-g (IFN-g) secreted by activated T cells, which induces secretion of IL-10 and TGF-b. 30 Indeed, others have shown that the suppressive activity of MDSC is contingent on IFN-g expression, as MDSC from IFN-g 2/2 mice lose this. 31 In practical terms, human MDSC can be identified by flow cytometry as cells within the monocyte/granulocyte gate (based on forward/side scatter profile) that express CD33 but do not express class II MHC or a panel of mature myeloid and lymphoid lineage markers (CD33 þ /HLA-DR 2 / Lin 2 ). 24 The lineage cocktail (Lin) consists of antibodies directed against mature T, B, and NK cell and monocyte markers (CD3, CD19, CD57, and CD14, respectively). We hypothesized that normal human monocytes exposed to glioblastoma cells would assume an immunosuppressive phenotype similar to MDSC and that MDSC would be increased in glioblastoma patients. Here we present evidence supporting this hypothesis.
Materials and Methods

Cell Lines and Specimens
Cell lines were obtained from American Type Culture Collection. Normal human astrocytes (NHA) (.95% pure) were cultured as previously described from human temporal lobe epilepsy specimens. 32 Peripheral blood mononuclear cells (PBMC) were obtained from normal donors or glioma patients. Fresh tumor specimens and blood were obtained at surgery from patients undergoing craniotomy. All samples were obtained with written, informed consent, and all protocols were reviewed and approved by the Conjoint Health Research Ethics Board at the University of Calgary or the Institutional Review Board at the Mayo Clinic College of Medicine.
Cell Sorting and Coculture
PBMC were isolated from whole blood using Ficoll-Paque Plus (GE Healthcare) density gradient centrifugation. The interphase containing PBMC was harvested and sorted using CD14-conjugated magnetic assisted cell sorting (MACS) microbeads (Miltenyi-Biotec) as per the manufacturer's instructions. Briefly, PBMs from 100 mL blood were resuspended in 100 mL of degassed buffer (phosphate-buffered saline þ 2 mM EDTA þ 0.5% bovine serum albumin) to which 20 mL of FcR blocking reagent (Milenyi-Biotec) was added. CD14-positive cells were isolated using LS MACS columns and a quadroMACS separator (Miltenyi-Biotec). In 12-well plates, 2 Â 10 5 CD14 þ monocytes were incubated with 4 Â 10 4 U251, U87, or NHA for 48 hours at 378C in AIM V serum-free media (GibcoBRL). Cells were harvested by scraping, glioma-conditioned monocytes (GCM) were sorted as described above except CD11b-conjugated MACS microbeads, as well as MS MACS columns and octoMACS separator were used (Miltenyi-Biotec). In experiments where cultured monocytes were physically separated from glioma cells (U251), monocytes were placed at the bottom of the wells while glioma cells were placed on well inserts with 1 mm pores (Millipore PIRP30R48). Glioblastoma-infiltrating monocytes were isolated from fresh tumor specimens by processing tissue with mechanical dissociation in Hanks' buffered saline solution (HBSS), trituration, and repeated lowspeed centrifugation. Cells were then passed through a 30 mm filter (Miltenyi-Biotec) and sorted as above with CD11b-conjugated MACS microbeads.
Flow Cytometry
Cells were resuspended in 100 mL degassed buffer and 10 mL of the appropriate antibody or isotype control was added (FITC-CD14, FITC-ms-IgG1k, PE-CD11b, PE-ms-IgG1k; all from eBioscience; APC-CD15, APC-msIgM, Miltenyi Biotec). Fc receptors were blocked by preincubating cells with 20 mL of FcR blocker (Miltenyi Biotec). Cells were incubated at 48C for 15 minutes, washed and read immediately using a BD FACScalibur flow cytometer and CellQuest software (Becton Dickinson). Cells were analyzed using FlowJo analysis software (Treestar). For intracellular cytokine FACS, naïve and GCM were cultured for 48 hours in AIMV followed by 6 hours in RPMI media (GibcoBRL) supplemented with 10% human AB serum (Sigma) and 100 U/mL IFN-g (Calbiochem), as has previously been described for MDSC studies. 30 Golgi Plug (1 mg/mL) (BD Biosciences) was added for the last 4 hours of culture, cells were harvested and then fixed in 4% para-formaldehyde solution for 20 minutes at room temperature (RT), washed, and resuspended in permeabilization buffer (eBioscience) for 10 minutes at RT. Cells were again washed, and resuspended in 50 mL permeabilization buffer with 10 mL of appropriate antibody or isotype control (PE-IL-10 [eBioscience], TGF-b1,2,3 [R and D systems], PE-IL-12p40/70 [eBioscience], FITC-IFN-g [eBioscience]). Commercially prepared human intracellular cytokine control cells (BD Biosciences except eBioscience for IFN-g) were used as positive (permeabilized) and negative (nonpermeabilized) controls for all cytokines except TGF-b. Permeabilized and nonpermeabilized U251 cells were used as controls for TGF-b. Cells were incubated with the antibody for 20 minutes at RT, washed, and read immediately on the flow cytometer. For unconjugated antibodies (anti-TGF-b1,2,3), secondary FITC-goatanti-human was used (KPL) after washing the primary and incubating for 20 minutes at RT (1:5 dilution). For costimulatory molecule expression, cells were resuspended in PBS and blocked with FcR reagent as described above. PE-Cy5 antibodies were used at a 3:50 dilution (B7.1, CD40), and APC antibodies at a 1:25 dilution (B7.2, B7-H1). Anti-CD40 and B7.2 antibodies were obtained from BD Pharmingen and anti-B7.1 and B7-H1 antibodies were obtained from eBioscience.
T-cell Apoptosis
T cells from within the CD14 2 (lymphocyte enriched) PBMC population were activated by 48 hour culture in anti-CD3 (2 mg/mL)/anti-CD28 (4 mg/mL)-coated 48-well plates in AIM V containing 10 U/mL hrIL-2 (Chemicon, IL002). Activation was confirmed by blast formation in culture. Activated peripheral blood lymphocytes (aPBL) were cultured overnight alone or with autologous CD11b-purified conditioned monocytes (CM) at 5 Â 10 4 cells/well in a 48-well plate (aPBL:CM ¼ 1:1). Cultures were carried out in serumfree media (AIM V, GibcoBRL) at 378C 2 5% CO 2 . Cells were harvested, washed, and re-suspended in 100 mL FACS buffer. They were stained for 30 minutes at RT in the dark with anti-human CD3-PE or isotypematched control antibody (7 mL; eBioscience) and Annexin V-FITC (1.5 mL, Calbiochem). They were washed once and re-suspended in 100 mL of FACS buffer. They were incubated for a further 10 minutes at RT in the dark after adding 3 mL of 7-aminoactinomycin D (7AAD, final concentration ¼ 1 mg/mL; Calbiochem). The final volume was adjusted to 500 mL with FACS buffer and cells were read immediately on the flow cytometer.
Phagocytosis Assays
Glioma cell lines were labeled with 200 nM carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes) for 10 minutes at 378C in HBSS. After quenching excess CFSE with FBS, cells were washed once in complete media and CD11b-sorted GCM were added at phagocyte:target ratio 10:1. After overnight incubation at 378C, cells were harvested by scraping and stained with PE-CD11b or isotype control (PE-ms-IgG1) (eBioscience) for 10 minutes at 48C, washed, and analyzed immediately by flow cytometry for CFSE-uptake in CD11b þ cells.
For the E. coli cell wall particle phagocytosis, a flow cytometry assay was adapted from a commercially available kit (Molecular Probes, V6694). Briefly, NM, NM plus E. coli lipopolysaccaride (E. coli 055:B5 LPS; 1 mg/mL final concentration), or CD11b-purified conditioned-monocytes (preincubated with U87, U251, or NHA) in Hanks' buffered saline solution (HBSS) were incubated for 2-3 hours in 378C, 5% CO 2 incubator in the dark with briefly sonicated FITC-E. coli (K-12) bio-particles. Cells were harvested and subjected to very brief (no more than 2 minutes) quenching of external cellular fluorescence using trypan blue (0.25 mg/mL) at low pH (citrate-balanced salt solution, pH 4.4). After washing and centrifugation, cells were re-suspended in normal FACS buffer (Dulbecco's phosphate-buffered saline, DPBS, 0.1% NaN 3 ) before analysis by flow cytometry. FITC-uptake was determined in monocytes (identified by forward and side scatter profile). Phagocytic uptake in NM plus LPS was taken as the maximum attainable.
For the confocal microscopy experiments, naïve and U251-CM were cultured as described above. CM were separated from U251 using CD11b-microbeads (Miltenyi 130-049-601). Both unconditioned and CM in AIM V were attached to glass bottom wells of 96-well glass bottom plates (MatTek P96G-1.5-5-F) before phagocytosis assay was performed. In different wells, pHrodo-E. coli particles (Invitrogen P35361) were added alone, or in conjunction with LPS (Calbiochem) as positive effector or cytochalasin D (CCD) (Sigma C2618) as inhibitor of phagocytosis. Cells were incubated for 3-4 hours before counterstaining with FITC-CD11b (Ebioscience 11-0118-73) for 20 minutes at 48C. Microscopic analysis was done with Carl Zeiss LSM 510 Inverted Laser Scanning Confocal Microscope. Rodo exited at 568 nm laser line and FITC at 488 nm. Rodo and FITC data were collected at 585 nm and 505 -550, respectively. Fluorescent photomicrographs were obtained. pHrodo-E.coli particles are nonfluorescent outside the cell, but fluoresce brightly red in phagosomes. Phagocytically active cells were defined as those with significant red or yellow staining (because of a combination of red pHrodo-E.coli particle and green CD11b-FITC staining). Total cell number and phagocytic cell number were determined visually for two high-power fields per experiment.
MDSC Assays
PBMC were isolated from peripheral blood and stained with a cocktail of PE-conjugated monoclonal antibodies directed at mature myeloid and lymphoid markers consisting of 1 mL of each of anti-CD3, CD14, CD19, and CD56 (eBioscience except CD56 from BD Pharmingen), 3 mL of anti-HLA-DR PE -Cy5 (BD Pharmingen), and 4 mL of anti-CD33-FITC (eBioscience) in 50 mL of PBS for 30 minutes on ice. Cells were re-suspended in PBS and analyzed immediately on a FACScalibur flow cytometer (Becton Dickinson). Initial acquisition was performed using Cell Quest software (Becton Dickinson) and subsequent analysis was performed using FlowJo software (Treestar). We employed the following strategy to identify MDSC. First, a generous forward and side scatter gate was used to identify monocytic and granulocytic cells (excluding lymphocytes). Lineage negative cells from this population were then analyzed for CD33 and HLA-DR expression. MDSC were defined as CD33 þ / Lin 2 /HLA-DR 2 cells. MDSC among GCM were identified using the same staining technique after sorting with CD11b-microbeads as described above. In a second set of experiments, MDSC levels in PBMC from a new set of normal donors and glioblastoma patients was determined in a similar manner except that a commercially available lineage cocktail (Linage Cocktail 1; BD Pharmingen) including antibodies directed against CD3, CD14, CD16, CD19, CD20, and CD56 was used.
Enzyme-linked Immunosorbent Assay
Serum from normal donors and glioma patients was collected and stored at 2808C, and later analyzed using commercially available ELISA kits IL-6, IL-10 (eBioscience), TGF-b2, PGE2, and VEGF (R&D Systems) following the manufacturer's instructions.
Statistics t-Tests were performed using Sigma plot statistical software where two conditions were compared. One-way ANOVA (Dunnett's) was used for analysis of multiple groups (.2) using Graph Prism software. Pearson coefficient was calculated to determine the correlation between two data sets.
Results
Human Monocytes Decrease CD14 but Maintain CD11b Expression after Coculture with Human Glioma Cell Lines
Fresh monocytes strongly express both CD11b and CD14 while cultured monocytes maintain CD11b, but have reduced CD14 expression ( Fig. 1A and B ). This reduction in CD14 expression may reflect relative inactivation when cultured in serum-free media in the absence of any other stimulus. CD14 þ monocytes cocultured with NHA or (less consistently) U87 have a relative increase in CD14 expression compared with monocytes cultured alone, suggesting some degree of activation. In contrast, monocytes cultured with U251 glioma had a trend to decreased CD14 expression compared with monocytes cultured alone. As a correlate to our in vitro system, we tested CD14 expression on CD11b þ glioma-infiltrating monocytes from fresh tumor specimens. In keeping with our previous findings, 17 we found that the majority of glioma-infiltrating monocytes do not express CD14 (Fig. 1C ).
CM Can Be Purified Using CD11b Microbeads
Because of the low CD14 expression in GCM (particularly with U251), we chose to purify GCM from cocultures based on CD11b expression. CD11b þ cells were sorted with an average of greater than 90% purity and viability (by flow cytometry and trypan blue exclusion, respectively, data not shown).
GCM Have an Immunosuppressive Molecular Profile
We first determined costimulatory molecule expression (B7.1, B7.2, CD40, and B7-H1) in GCM and compared this to naïve and NHA-CM. B7-1, B7-2, and CD40 were all present to varying degrees, but did not differ significantly between naïve and NHA-conditioned or GCM (data not shown). In contrast, the immunosuppressive T-cell costimulatory molecular homologue B7-H1 was essentially absent in naïve and NHA-CM, but strongly present in GCM ( Fig. 2A and B ). We next determined immunosuppressive (IL-10, TGF-b) and pro-inflammatory (IL-12, IFN-g) cytokine expression in GCM using intracellular flow cytometry (Fig. 2C -F ). U87 and U251-CM contained increased IL-10 þ cells and U251-CM contained increased TGF-b þ cells compared with naïve or NHA-CM. This appeared to be specific for immunosuppressive cytokines as no corresponding increase in proinflammatory cytokines (IL-12, IFN-g) was seen. Representative dot plots for these cytokine expression experiments (including positive and negative control cells) are shown in Supplementary Material, Fig. S1 .
GCM Are Functionally Immunosuppressive
Activated autologous T cells exposed to either astrocytes or GCM undergo increased apoptosis compared with T cells exposed to NM based on flow cytometry staining for CD3 þ /Annexin-V þ /7-AAD þ cells (Fig. 3A) . This increase is relatively modest for NHA-CM or U87-CM, but marked for U251-CM.
Phagocytic ability is reduced for GCM compared with both astrocyte-CM and NM. The number of CFSE-negative monocytes present after coculture with CFSE-labeled glioma cells is substantially increased if the monocytes are preconditioned with U87 or U251 (Fig. 3B) . Similarly, fluorescently-labeled E. coli cell wall particle uptake is diminished in U87 or U251-CM compared with naïve or NHA-CM by flow cytometry (Fig. 3C) . These findings were confirmed morphologically using pHrodo-E.coli particles and confocal microscropy ( Fig. 3D ). Immunosuppressive Phenotype in U251-CM Is Dependent on Direct Cell Contact with Gliomas B7-H1 expression was minimal in NM, but markedly increased in U251-CM with direct cell contact compared with NM ( Fig. 4A ). It was also moderately increased in U251-CM without direct cell contact compared with NM), but this was significantly less than the increase seen with direct cell contact. Similarly, increased late apoptosis in activated T cells (CD3 þ /Annexin-V þ / 7-AAD þ ) over background after exposure to NM was seen for U251-CM with direct cell contact, but not U251-CM without direct cell contact (Fig. 4B ). Finally, decreased phagocytosis of E. coli cell wall particles was seen for U251-CM with direct cell contact compared with NM, but not for U251-CM without direct cell contact (Fig. 4C) . Thus, direct cell contact between monocytes and glioma cells appears to be necessary for monocytes to develop the full immunosuppressive phenotype.
MDSC Are Increased in Glioblastoma Patients' Blood and GCM In Vitro
The immunosuppressive properties described above for GCM in vitro are similar to those described for MDSC. We therefore screened glioblastoma patients' peripheral blood for MDSC to see if there was an in situ correlatation to our in vitro findings. MDSC were defined as monocytic/granulocytic cells that were CD33 þ /Lin 2 /HLA-DR 2 (Fig. 5A ). MDSC frequency expressed as the percentage of lineage marker-negative monocytes/granulocytes that are CD33 þ /HLA-DR 2 is shown for normal donors and glioblastoma patients in Fig. 5B . Glioblastoma patients had significantly increased peripheral MDSC compared with healthy donors. There were no significant differences in either monocyte/granulocyte frequency (as a percentage of PBMC) or lineage-negative frequency (as a percentage of monocytes/granulocytes) between glioblastoma patients and normal donors (data not shown).
We then applied this detection strategy to GCM (specifically U251-conditioned) in vitro to see if these also contained increased MDSC using this definition. MDSC (CD33 þ /HLA-DR 2 /Lin 2 ) were increased among U251-CM (Fig. 5C ). This further emphasizes the correlation between our in vitro findings and glioblastoma patients.
MDSC Express B7-H1
Since GCM in vitro expressed the immunosuppressive T-cell costimulatory molecular homologue B7-H1 and had many other established characteristics of MDSC, we sought to determine if peripheral MDSC also expressed B7-H1. Mature lineage marker-negative and class II MHC-negative cells were purified from normal donor PBMC by negative selection for CD3, CD14, Fig. 4 . Developing an immunosuppressive phenotype in U251-conditioned monocytes in vitro depends on direct monocyte/glioma cell contact. (A) B7-H1 expression by flow cytometry in naïve (unconditioned) monocytes, monocytes cultured directly with U251 (contact), and monocytes cultured with U251, but separated by a membrane with 0.1 mm pores (noncontact). Both contact and noncontact CM had increased B7-H1 expression compared with unconditioned monocytes (*P , .05), but contact CM had significantly more B7-H1 expression than noncontact-CM (þ, *, P , .001). (B) Increased T-cell apoptosis by flow cytometry (CD3 þ /AnV þ /7AAD þ ) over background (not shown) in activated T cells cultured with U251-CM (contact or noncontact). Only U251-contact CM significantly increase activated T-cell apoptosis over background (*P , .05). (C) E. coli cell wall particle phagocytosis in naïve (unconditioned), contact-U251-conditioned, and noncontact-U251-CM.
Contact-U251-conditioned phagocytosis is significantly decreased (*P , .05) compared with unconditioned or noncontact-U251 CM. Graphs are mean + SEM of three separate experiments using different PBMC donors. CD19, CD56, and HLA-DR using magnetic beads. These cells were then stained for CD33 and B7-H1 expression. MDSC were identified from among these cells as monocytes (determined by forward and side scatter profile) expressing CD33. Representative dot plots demonstrating this strategy are shown in Fig. 6A . B7-H1 expression was significantly elevated in MDSC compared with peripheral blood CD14 þ monocytes (Fig. 6B) . These experiments required relatively large volumes of blood to complete (100 mL) that were not readily available from sick glioblastoma patients, making them impossible to repeat for glioblastoma patients using this strategy. Work is ongoing in our laboratory to develop techniques to identify B7-H1 expression on glioblastoma patients' MDSC using smaller blood volumes. Nevertheless, to our knowledge, this is the first report of B7-H1 expression by MDSC and further establishes the link between our in vitro findings and circulating MDSC.
Granulocytes Do Not Contribute to GCM and MDSC
Although the monocytes included in our coculture are highly pure (.95% CD11b þ /CD14 þ ; see "Fresh Fig. 6 . MDSC express increased immunosuppressive B7-H1 compared with monocytes. (A) Representative dot plots demonstrating B7-H1 expression on peripheral MDSC from a healthy donor. Lin 2 /HLA-DR 2 cells were purified from PBMC using negative selection with magnetic beads. After gating on monocytes/granulocytes by forward/side scatter, CD33 þ cells (MDSC) were identified. These cells were predominantly B7-H1 þ . (B) Bar graph of costimulatory molecule expression on peripheral blood MDSC (isolated as above) and CD14 þ monocytes isolated from normal donors (n ¼ 3). B7-H1 expression was significantly increased in MDSC compared with circulating monocytes. Graphs are mean + SEM. **P , .01.
Monocytes" in Fig. 1A) , they do contain a small number of other cells that could include granulocytes. If these granulocytes selectively proliferated in response to glioma coculture, they could represent a significant proportion of our glioma-conditioned "monocytes." To rule this out, we performed three-color flow cytometry for CD11b, CD14, and CD15 in naïve and U251-CM. As expected, CD11b expression was maintained and CD14 expression was reduced (particularly in U251-CM; Fig. 7A ). CD15 expression was absent in all of these cells, essentially ruling out a contribution of granulocytes to our GCM. Despite this, we did find a reproducible increase in a population of small, relatively granular cells by forward scatter and side scatter analysis in GCM (Fig. 7B) . These cells are not granulocytes based both on their lack of CD15 expression and on their relatively low size (less forward scatter than other monocytes).
Intriguingly, we noticed that both normal donors' and glioblastoma patients' MDSC also seemed to be enriched for a population of relatively small, granular cells based on forward and side scatter analysis (Fig. 7C ). This effect was most notable in glioblastoma patients. These cells were purified by density gradient centrifugation with Ficoll-Paque prior to analysis, which should have eliminated most granulocytes. Nevertheless, it was possible that some granulocytes of slightly lower density persisted and could account for the CD33 þ /HLA-DR 2 /Lin 2 MDSC we were seeing, particularly as the lineage cocktail we used initially (CD3/CD14/CD19/CD56) did not include anything that would specifically exclude granulocytes. Therefore, we repeated our analysis using a commercially available lineage cocktail (CD3/CD14/CD16/ CD19/CD20/CD56) that included a granulocyte marker (CD16) in 10 new normal donors and 10 new glioblastoma patients (Fig. 7D ). This effectively eliminated granulocytes (CD16 þ ) as contributors to our MDSC. Once again, glioblastoma patients had a marked increase in MDSC compared with healthy donors. The overall percentage of MDSC (expressed as a percentage of lineage negative cells) was slightly higher for both normal donors and glioblastoma patients compared with our earlier data (Fig. 5B) , likely reflecting the more stringent lineage cocktail (ie, the number of MDSC remained constant but the number of lineage negative cells decreased).
Serum Immunomodulatory/Immunoinhibitory Cytokine Levels
The source of peripheral MDSC in glioma patients is not certain. Potentially, these changes could be induced in normal circulating monocytes by humoral factors produced by the glioma. Gliomas are known to secrete IL-6, IL-10, VEGF, PGE 2 , and TGF-b2, 33 all of which have been linked with stimulating MDSC proliferation. 23, 26 Therefore, we analyzed serum from 17 glioblastoma patients and 8 normal donors for expression levels of these cytokines using a series of ELISAs.
There were no significant increases in serum levels for IL-6, IL-10, PGE 2 , or TGF-b2 in glioblastoma patients compared with normal donors (data not shown). VEGF was the one exception to this pattern and was increased in glioblastoma patients' serum compared with normal donors (45.2 + 5.5 vs 15.4 + 6.6 pg/mL, P , .01). However, there was no association between VEGF and MDSC levels when they were plotted against one another (Pearson coefficient r ¼ 2.16, P ¼ .66). This suggests that, while glioblastomas may secrete these factors locally, most do not enter the circulation in significant amounts and serum levels of those that do (ie, VEGF) do not correlate with MDSC levels. Systemic secretion of these factors is unlikely to be a significant factor in stimulating MDSC proliferation in glioblastoma patients.
Discussion
The experiments described in this study grew out of several earlier observations. First, the relative failure of clinical glioma immunotherapy trials to yield objective clinical responses led us to re-evaluate the nature of glioma-mediated immunosuppression as a potential explanation. In previous studies, we explored monocytic cell infiltrates in human malignant gliomas as a source of local immunosuppression. We were struck both by their relative frequency compared with lymphocytic infiltrates and by their macrophage-like (as opposed to microglial-like) surface marker profile. 17 Our preliminary findings also suggested a surprising lack of CD14 expression by glioma-infiltrating macrophages. This is unusual because monocytes/microglia within the CNS up-regulate CD14 expression in response to almost all other pathologies. 22 A literature search for a precedent for CD14 2 , immunosuppressive monocytic cells led us to MDSC, an immunosuppressive population of myelomonocytic CD14 2 cells that are increased in a number of other cancers. 23 -27 Increased MDSC have been reported in rodent glioma models 34, 35 and some have speculated that they might be increased in glioma patients, 36 but this has not been demonstrated directly before, to our knowledge. Putting all of this together, we hypothesized that normal human monocytes exposed to malignant glioma cells would adopt an MDSC-like phenotype and that MDSC would be increased in glioblastoma patients.
The data presented here support this hypothesis. Normal human monocytes exposed to malignant glioma cells do adopt an MDSC-like phenotype where they maintain CD11b expression, but have low CD14 expression. Like MDSC, they have an immunosuppressive molecular profile (express B7-H1, IL-10, TGF-b) and are functionally immunosuppressive (reduced phagocytic/antigen presenting ability, increased ability to induce apoptosis in activated T cells). Based on surface marker analysis, MDSC (CD33 þ /HLA-DR 2 /Lin 2 ) are consistently increased in GCM in vitro. Finally, MDSC are significantly This study highlights an increasingly important concept in glioma-mediated immunosuppression: immunosuppression does not result exclusively from gliomaderived factors. While glioblastoma cells express multiple immunosuppressive factors including TGF-b2, PGE 2 , IL-6, and B7-H1, 13, 14 the effects of these factors are likely to be local and cannot explain many of the systemic immune defects seen in glioblastoma patients. Local and/or systemic immunosuppressive effects of glioma-infiltrating macrophages/microglia and circulating regulatory T cells have already been described. 11, 12, 20, 21 To this list, we may also now add MDSC. Thus, multiple, immunologically active cell types are present in malignant glioma patients that may all contribute to immunosuppression.
The origin of increased MDSC in glioblastoma patients is unknown. In other cancers, it has been hypothesized that MDSC proliferation occurs systemically in response to circulating tumor-derived factors such as IL-6, IL-10, PGE 2 , TGF-b2, and VEGF. 23, 26 This is relatively easy to conceive in the context of widely disseminated systemic cancers secreting large amounts of these factors. However, even a large glioblastoma represents a relatively small tumor burden by comparison. In keeping with this, we found that serum levels of glioblastoma-secreted factors known to stimulate MDSC proliferation were mostly similar to normal donors or did not correlate with MDSC levels. Furthermore, our in vitro data suggest that direct monocyte/glioma cell contact is necessary to acquire the full immunosuppressive phenotype. Together, these findings suggest an alternative hypothesis: increased circulating MDSC in glioblastoma patients arise from tumor-infiltrating macrophages that have undergone immunosuppressive "education" in the tumor itself. This remains conjecture and it is still possible that other as yet untested humoral factors produced by glioblastomas are responsible for MDSC proliferation. Rigorous evaluation will likely require specific manipulation of appropriate model systems in vivo to determine what, if any, relationship exists between glioma-infiltrating monocytes and MDSC.
Similarly, it is also unknown why regulatory T cells are increased in glioblastoma patients. Our results would also suggest that systemic T reg proliferation in response to glioblastoma-secreted cytokines is unlikely as these factors do not appear to be increased in glioblastoma patients' serum compared with normal donors. It has been proposed that T reg proliferation in glioblastoma patients occurs as a result of direct intra-tumoral glioma cell/T-cell interactions, 11,12 much as we are suggesting for MDSC. However, glioma-infiltrating lymphocytes are relatively rare in our experience. 15, 17 Furthermore, T-cell proliferation usually requires stimulation by a professional antigen presenting cell. MDSC are reported to stimulate regulatory T-cell proliferation in other cancers. 28, 30 Therefore, an alternative hypothesis is that increased T reg in glioblastoma patients occurs in response to stimulation of naïve T cells by MDSC. This also remains conjecture and awaits rigorous evaluation in vivo.
Finally, we were struck by the fact that many of the immunosuppressive properties ascribed to MDSC (ability to induce apoptosis in activated T cells, stimulate T reg proliferation from among naïve T cells) are similar to the immunosuppressive properties attributed to cells expressing the immunosuppressive T-cell costimulatory molecular homologue B7-H1. 37 -39 Supporting this potential connection, we show that B7-H1 expression is increased in GCM in vitro and in circulating MDSC from normal donors. To our knowledge, this is the first time that B7-H1 expression has been documented in MDSC. Because the amount of blood we are able to obtain from glioblastoma patients is relatively limited (10 mL per patient), we have not yet been able to carry out the analysis of B7-H1 expression in glioblastoma patients' MDSC. Work is ongoing in our laboratory assessing the functional importance of B7-H1 in both MDSC-and GCM-mediated immunosuppression.
There are clear limitations to the present study. For example, all glioma patients in this study received highdose dexamethasone therapy to reduce cerebral edema. Dexamethasone's many immunosuppressive effects could potentially be responsible for the alterations in MDSC in these patients. 40, 41 However, MDSC are increased in other malignancies where patients do not routinely receive corticosteroids 23, 24 and we have shown that MDSC precursors and (occasionally) true MDSC are increased in GCM in vitro prepared in the absence of dexamethasone. Nevertheless, longitudinal studies in glioblastoma patients correlating MDSC levels with tumor burden and dexamethasone dose will be required to definitively address this question. Similar prospective studies will be required to define the impact of treatment (surgery, radiation, chemotherapy) and tumor status (complete response, partial response, stable disease, progression) on MDSC levels. Furthermore, although in vitro GCM are clearly immunosuppressive and there is compelling evidence that MDSC in other cancers are immunosuppressive, direct evidence that glioblastoma patients' MDSC are immunosuppressive and the exact roles of MDSC-derived B7-H1, IL-10, and TGF-b in this immunosuppression remains to be seen. Studies are ongoing in our laboratory to address these issues.
U251-CM are enriched for small, relatively granular cells (low-forward scatter, relatively high-side scatter). Representative dot plots and pooled data from 3 experiments are shown. (C) MDSC from normal donors and (particularly) glioblastoma patients are also enriched for relatively small, granular cells (low-forward scatter, high-side scatter). Representative dot plots (corresponding to the normal donor and patient shown in Fig. 5A ) and pooled data from all patients and donors shown in Fig. 5B . (D) Scatter plot showing increased MDSC in glioblastoma patients compared with normal donors using a lineage cocktail (CD3, CD14, CD16, CD19, CD20, CD56) that excludes granulocytes (CD16 þ ) in the lineage negative fraction. This rules out a contribution of granulocytes to the MDSC we have identified.
Summary
Normal human monocytes acquire MDSC-like properties when exposed to glioma cells in vitro. Circulating MDSC are increased in malignant glioma patients. We have demonstrated that GCM in vitro express multiple immunosuppressive factors including IL-10, TGF-b, and B7-H1. Others have reported MDSC expression of IL-10 and TGF-b and we have shown for the first time that MDSC express B7-H1. The relative contributions of these factors to MDSC-mediated immunosuppression remain to be determined. However, it is clear that multiple immunosuppressive cells are present in glioma patients including glioma cells, glioma-infiltrating monocytes, MDSC, and regulatory T cells. Understanding the roles of these cells may be imperative to reversing glioma-mediated immunosuppression.
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